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O R I G I N A L  A R T I C L E
Opportunities and challenges for modelling epidemiological 
and evolutionary dynamics in a multihost, multiparasite 
system: Zoonotic hybrid schistosomiasis in West Africa


































Multihost	multiparasite	 systems	 are	 evolutionarily	 and	 ecologically	 dynamic,	which	







of	 complexity	 over	 and	 above	 that	 already	 inherent	within	multihost,	multiparasite	
systems,	also	representing	an	additional	source	of	genetic	variation	that	can	drive	evo-
lution.	This	has	the	potential	for	profound	implications	for	the	control	of	parasitic	dis-


















of	 parasitic	 diseases	 (King,	 Stelkens,	Webster,	 Smith,	 &	 Brockhurst,	
2015).	Human	migration,	changing	agricultural	practices	and	climate	
change	all	contribute	to	an	increased	potential	for	human	and	animal	
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populations	to	encounter	new	infectious	agents	and	for	the	increased	
incidence	 of	 co-	infection	 by	 multiple	 parasite	 species	 and	 strains	












as	 offspring	 resulting	 from	 the	 interbreeding	 between	 two	 species)	
and	 introgressions	 (the	 introduction	of	single	genes	or	chromosomal	
regions	from	one	species	into	another	through	repeated	backcrossing)	
in	parasites	of	both	animals	and	human	populations	(Criscione	et	al.,	
2007;	 Grigg,	 Bonnefoy,	 Hehl,	 Suzuki,	 &	 Boothroyd,	 2001;	 Le	 et	al.,	
2008;	Ravel	et	al.,	2006;	Webster,	Diaw,	Seye,	Webster,	&	Rollinson,	
2013).	 Hybridizations	 and	 introgressions	 represent	 an	 additional	
source	of	genetic	variation	that	may	drive	parasite	evolution,	with	the	
potential	for,	amongst	others,	increased	host	range,	altered	pathology	
and	 resistance	 to	 drug	 therapy	 (King	 et	al.,	 2015).	 Important	 exam-
ples	include	the	naturally	occurring	hybridizations	between	Leishmania 
infantum and Leishmania major	 (Ravel	et	al.,	2006),	which	have	been	
observed	to	exhibit	enhanced	transmission	potential	and	host	range	
(Volf	 et	al.,	 2007),	 and	within	Trypanosoma brucei	 subspecies,	where	
introgressions	have	been	shown	to	be	associated	with	increased	vir-
ulence	and	host	range	(Echodu	et	al.,	2015;	Goodhead	et	al.,	2013).
There	 is	 a	 growing	 array	 of	 examples	 of	 naturally	 occurring	 hy-
bridizations	between	Schistosoma	 species	 across	 sub-	Saharan	Africa	
(reviewed	 in	Léger	&	Webster,	2017).	Of	particular	 interest	 in	terms	
of	 parasite	 evolution,	 epidemiology	 and	 control	 is	 the	 confirmation	
of	widespread	viable	hybridizations	between	the	human	schistosome	
species	Schistosoma haematobium	and	the	livestock	schistosome	spe-
cies	 S. bovis and/or S. curassoni	 in	West	 Africa	 (Huyse	 et	al.,	 2009;	
Webster	 et	al.,	 2013),	 and	 between	 S. haematobium	 and	 the	 live-








sights	 into	 the	 complex	 processes	 underlying	 the	 transmission	 dy-
namics	 of	 infectious	 diseases	 (Grassly	&	 Fraser,	 2008;	Heesterbeek	
&	Roberts,	1995),	including	schistosomiasis	(Anderson	&	May,	1991;	
Anderson,	Turner,	Farrell,	Yang,	&	Truscott,	2015;	Gurarie,	King,	Yoon,	
&	 Li,	 2016).	 There	 are	 many	 examples	 where	 mathematical	 mod-
els	have	played	a	crucial	 role	 in	 informing	policy,	optimizing	control	
methods	and	driving	research	questions	(Luz,	Vanni,	Medlock,	Paltiel,	














Examples	of	 the	 application	of	 such	approaches	 include	 the	predic-





The	 identification	 of	 hybridized	 Schistosoma	 systems	 in	 West	
Africa	 raises	many	 important	 research	 questions.	These	 include	 the	
need	 to	 elucidate	 the	 relative	 importance	 of	 the	 different	 potential	
host	 species	 and	 the	 interactions	between	 the	Schistosoma	 species,	
and	to	investigate	the	potential	for	anthelmintic	resistance	to	develop	
and	establish,	 thereby	 identifying	 if	 and	how	current	 control	 strate-
gies	may	need	 to	be	modified	 in	hybrid	 zones.	Mathematical	model	














2  | EVIDENCE OF ZOONOTIC HYBRID 
SCHISTOSOMES IN WEST AFRICA 
AND POTENTIAL IMPLICATIONS FOR 
TRANSMISSION AND CONTROL
Schistosomiasis,	caused	by	parasites	within	the	dioecious	Schistosoma 




















finitive	hosts	and	molluscan	(Bulinus truncatus and B. globosus)	 inter-
mediate	hosts	in	Senegal	and	Niger	(Huyse	et	al.,	2009;	Webster	et	al.,	
2013)	 which	 confirmed	 hybridization	 between	 animal	 and	 human	
schistosomes	within	 the	 haematobium	 group,	 specifically	 identified	
hybrids	of	S. haematobium	with	S. bovis,	and/or	with	S. curassoni, and 
complementary	 laboratory	 passage	 of	 parasites	 demonstrated	 that	
these	hybrids	were	viable	and	fertile	(Webster	et	al.,	2013).	Importantly,	




In	 addition,	molecular	data	 indicated	 that	hybridization	was	bidirec-
tional	(where	males	and	females	of	each	species	were	able	to	pair	and	




population	 in	several	countries	 in	West	Africa	 (Rollinson,	Southgate,	
Vercruysse,	&	Moore,	1990;	Webster	et	al.,	2013),	can	cause	patent	
infections	in	humans	(Léger	et	al.,	2016),	providing	additional	evidence	

















recent	 surveillance	data	on	 schistosomiasis	 in	 the	 livestock	of	West	
Africa	(Gower,	Vince	et	al.,	2017).	To	date,	no	hybrids	between	S. hae-
matobium	with	S. bovis or S. curassoni	have	been	identified	in	any	ani-
mal	populations.	However,	previous	studies	have	been	cross-	sectional	
and	focused	on	abattoir	carcasses,	with	no	live	animal	sampling,	nor	
any	 urinary/urogenital	 tract	 sampling	 (where	 such	 hybrids	 may	 be	
predicted	 to	 have	 a	 predilection	 (Cunin,	 Tchuem	 Tchuente,	 Poste,	
Djibrilla,	&	Martin,	2003;	Koukounari	et	al.,	2010)).	(Ongoing	work	in	
West	Africa	 is,	however,	 seeking	 to	determine	whether	human–ani-
mal	schistosome	hybrids	are	present	in	the	livestock	population,	and	
crucially,	whether	the	 initial	cross-	species	pairings	may	be	occurring	











S. haematobium and S. haematobium	with	S. bovis	hybrids)	has	demon-
strated	 the	potential	 for	migration	 to	 introduce	hybrid	 schistosomes	




hybrids	within	 laboratory	rodents,	 including	those	of	S. haematobium 
with	S. guineensis, and S. haematobium	with	S. mattheei	 (Taylor,	1970;	
F IGURE  2 The	life	cycle	of	the	schistosome	parasite	and	a	generalized	framework	for	a	Schistosoma haematobium	transmission	model.	
Definitions	of	example	parameters	and	factors	influencing	parameters	given	in	Table	1





Preventative	 chemotherapy	 of	 school-	aged	 children	 represents	
the	 mainstay	 of	 current	 antischistosomiasis	 control	 programmes	 in	
sub-	Saharan	 Africa,	 with	 praziquantel	 presently	 the	 only	 available	





introgressed	 into	 new	 populations	 through	 hybridization	 (Chaudhry	
et	al.,	2015;	Song	et	al.,	2011).	Conversely	however,	hybridization	and	
a	 corresponding	widening	 host	 range	may	 lead	 to	 refugia	 for	 drug-	




understanding	 the	 potential	 implications	 of	 hybridization	 for	 the	
transmission	 and	 control	 of	 schistosomiasis.	 In	 the	 following	 sec-
tions,	we	present	an	overview	of	schistosomiasis	transmission	models	
to	 date	 and	 identify	 key	 challenges	 and	 opportunities	 for	 extend-
ing	 such	 frameworks	 to	 consider	multiple	host	 species	 and	parasite	
hybridizations.
3  | MATHEMATICAL MODELS OF 
SCHISTOSOME TRANSMISSION DYNAMICS
Mathematical	 models	 of	 parasite	 transmission	 generally	 aim	 to	 de-
scribe	and	understand	the	dynamics	of	parasite	populations	with	re-
spect	 to	 time,	 incorporating	 those	 aspects	of	 the	parasite	 life	 cycle	








them	 are	 identified	 in	 Table	1.	 Density-	dependent	 processes,	 both	





















Definitive	host	i can be: H =	human,	C =	cattle,	G =	goats,	O = sheep. 
	Schistosome	species	j can be: 
Sh = S. haematobium Sb = S. bovis
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assumed	that	snails	can	only	get	infected	once	and	produce	cercariae	







sexual	 reproduction	within	 the	 schistosome	 life	 cycle,	 incorporating	
the	aggregation	of	adult	worms	across	the	definitive	host	population,	
and	their	probability	of	mating.	A	negative	binomial	function	was	ap-
plied	 to	 represent	 the	 distribution	 of	worms	 using	 two	 parameters:	
mean	number	of	worms	per	host,	m,	and	a	“clumping”	parameter,	κ,	
with	 a	 smaller	 κ	 representing	 increasing	 overdispersion	 and	 an	 in-
creasing	 κ	 moving	 towards	 a	 Poisson	 distribution	with	worms	 ran-
domly	distributed	amongst	the	host	population.	This	framework	has	
been	 further	 adapted	 to	 consider	 different	 assumptions	 regarding	
mating	behaviour	and	sex	ratios	(May	&	Woolhouse,	1993),	density-	
dependent	decrease	 in	worm	 fecundity	 (Medley	&	Anderson,	1985)	





within	 population	 (R0	>	1),	 and	 mathematical	 transmission	 models	
can	provide	a	tool	for	describing	and	estimating	R0. In worm burden 





















a	 “trickle”	 of	 infections	 that	 is	 typically	 assumed	 in	 a	worm	 burden	
model.	However,	as	prevalence	frameworks	do	not	track	the	number	
or	 distribution	 of	worms	 amongst	 the	 host	 population,	 they	 cannot	
easily	incorporate	the	impact	of	these	dynamic	variables	on	important	
factors	 such	 as	 schistosome	mating	probabilities,	 definitive	host	 re-
covery	rates	and	susceptibility	to	re-	infection.
Individual	 or	 agent-	based	 models	 have	 also	 been	 described	 for	
schistosomiasis	 (Hu,	 Gong,	 &	 Xu,	 2010;	 Mitchell,	 Mutapi,	 Savill,	 &	
Woolhouse,	2012;	Wang	&	Spear,	2015),	 tracking	 individuals	 in	 the	
population	of	interest	which	can	enable	better	representation	of	het-
erogeneities	in	factors	such	as	sex,	immunity,	spatial	factors	and	host	
interactions	with	 the	 environment	 at	 the	 individual	 level.	 However,	
such	models	can	be	very	computationally	intensive,	especially	for	large	




4  | CONSIDERATIONS FOR DEVELOPING 
AND PARAMETERIZING A TRANSMISSION 










and	 humans)	 and	 parasites	 (S. bovis,	 S. haematobium,	 and	 their	 hy-
brids),	these	challenges	and	the	possible	approaches	to	tackling	them	
will	now	be	discussed.
4.1 | Parasite interactions: hybrid schistosomes as a 
multipathogen system
When	designing	a	model	of	a	multiparasite	 system,	one	of	 the	 first	
considerations	is	how	to	define	the	various	parasites	in	order	to	allow	
for	heterogeneities	and	interactions	between	them.	In	the	preliminary	
framework	 given	 in	 Figure	3,	we	 differentiate	 between	 three	 types	
of	 schistosomes:	S. haematobium (Sh),	S. bovis (Sb)	 and	 their	 hybrids	
(Hyb).	For	simplicity,	we	are	excluding	the	livestock	schistosome	S. cu-




that	 livestock	are	susceptible	only	 to	S. bovis.	 It	 is	assumed	humans	
can	be	 infected	with	S. haematobium	 and	 its	hybrids;	 however,	 pat-




in	 the	human	population,	 it	 is	 therefore	assumed	 in	 this	 framework	
that	S. bovis	can	infect	humans	but	only	cause	patent	infection	when	
paired	with	S. haematobium.	Uncertainties	 around	all	 these	assump-
tions	are	discussed	later.












This	 process	 relates	 to	 the	multihost	 nature	of	 the	 system,	 and	 the	





on	mating	behaviour	and	 sex	 ratios.	As	 illustrated	 in	Figure	3,	 there	





are	 six	 potential	 mating	 combinations,	 or	 nine	 permutations	 if	 one	
also	differentiates	between	the	sex	of	each	parasite	within	the	pairing	
(which	may	be	important	if	there	are	unequal	sex	ratios).	Our	prelim-
inary	 framework	 (Figure	3)	depicts	only	 four	of	 the	potential	mating	
combinations	in	the	human	hosts	indicated	by	current	molecular	evi-
dence	from	West	Africa	(Sh:Sh, Sh:Sb, Sh:Hyb and Hyb:Hyb),	but	in	re-
ality,	and	taking	into	account	the	additional	possibility	of	co-	infection	
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the	 zoonotic	 hybrid	 schistosome	 system.	As	 these	 probabilities	will	


















As	 worm	 burden	 cannot	 be	 directly	 measured	 in	 human	 hosts,	
worm	burden	per	host	 is	usually	estimated	by	model	 fitting	 to	egg-	























polygamy	under	 strong	 selective	pressure	 (Webster,	Gower,	&	Blair,	
2004;	Webster	 &	 Southgate,	 2003;	Webster,	 Southgate,	 &	Tchuem	
Tchuente,	1999).
The	 challenge	 of	 incorporating	 mating	 preference	 into	 a	 worm	
burden	 framework	 has	 previously	 been	 considered	 by	Morand	 and	
colleagues	 (Morand,	 Southgate,	 &	 Jourdane,	 2002)	 and	 applied	 to	
another	 schistosome	 hybrid	 system,	 specifically	 the	 replacement	 of	
S. intercalatum (now S. guineensis)	by	S. haematobium and S. intercala-
tum	with	S. haematobium	hybrids	in	Cameroon.	This	model	assumed	a	
mating	preference	for	worms	of	the	same	species	(i.e.,	S. haematobium 









to	 that	 described	by	Morand	 and	 colleagues,	 for	 the	more	 complex	
zoonotic	hybrid	system.
Whilst	 mate	 pairings	 are	 the	 primary	 parasite	 interaction	 of	 in-
terest	 in	the	zoonotic	hybrid	schistosome	system,	other	factors	that	
may	need	 to	be	 incorporated	 into	a	model	 include	 the	potential	 for	
some	 degree	 of	 cross-	immunity	 and/or	within-	host	 competition	 for	
resources,	although	it	 is	unknown	whether	or	how	such	factors	may	
play	a	role	in	a	zoonotic	hybrid	schistosome	system.
4.2 | Multiple definitive hosts: hybrid schistosomes 




(Webster,	Borlase,	&	Rudge,	2017).	 Identifying	 the	key	hosts	 in	 the	






is	 determining	 which	 host	 species	 to	 incorporate.	 In	 Figure	3,	 we	
have	included	the	three	livestock	species	known	to	be	infected	with	




























can	 be	 used	 to	 assess	 the	 potential	 for	 transmission	 maintenance	
within	each	host	species.
This	has	been	illustrated	in	a	model	of	the	multihost	S. japonicum 
system	 in	 China	 by	 Rudge	 et	al.	 (2013).	 In	 that	 study,	 a	 prevalence	
framework	was	applied,	and	with	available	national	surveillance	data	
suggesting	that	dynamics	had	reached	an	approximately	steady-	state	




ferent	 schistosome	 species.	 Here	 therefore,	 derivation	 of	R0	 values	
would	rely	on	estimates	of	the	number	and	distribution	of	worms	in	
each	host	 species	 in	addition	 to	prevalence	estimates.	Furthermore,	












species),	 a	model	 of	 a	 zoonotic	 hybrid	 schistosome	 system	 requires	
careful	consideration	regarding	which	 interhost	species	transmission	
pathways	are	possible	 for	each	parasite	 type.	Given	 the	absence	of	
evidence	for	S. haematobium	or	 its	hybrids	successfully	 infecting	the	
livestock	 population,	 there	 currently	 does	 not	 appear	 to	 be	 flow	of	
transmission	 from	 humans	 to	 animals	 within	 the	West	 African	 hy-




relative	 importance	of	 the	different	potential	 animal	 sources	 (cattle,	
sheep,	goats	and	possibly	wildlife)	could	prove	key	to	understanding	
the	role	of	animals	in	the	hybrid	schistosome	system.
Lloyd-	Smith	 et	al.	 (2009)	 discussed	 the	 importance	 of	 spillover	
force	 of	 infection	 in	 emergence	 dynamics	 and	 proposed	 a	 general	
framework	in	which	it	can	be	defined	as	the	product	of	the	prevalence	
in	reservoir,	the	reservoir–human	contact	rate	and	the	probability	of	
infection	 given	 contact.	 However,	 this	 framework	 cannot	 be	 easily	
applied	to	the	hybrid	schistosome	system.	Due	to	 indirect	transmis-
sion	via	snail	 intermediate	hosts,	transmission-	relevant	contact	rates	
between	 humans	 and	 reservoir	 sources	 of	 infection	 are	 difficult	 to	




S. haematobium	(excepting	the	occasional	example	of	S. bovis: S. curas-
soni	hybrids	infecting	humans	(Léger	et	al.,	2016)).




















or	 outbreak	 infections	 for	which	 timing	 of	 infections	 can	 be	 deter-
mined	with	some	accuracy	from	case-	onset	data	(e.g.,	Kucharski	et	al.,	















lence	 of	 schistosomiasis	 in	 animal	 populations	 in	 hybrid	 zones	 are	
currently	 lacking.	 Lack	 of	 surveillance	 data	 is	 a	 common	 problem	
when	 it	 comes	 to	parameterizing	 any	model	 including	 animal	 pop-
ulations	 (Brooks-	Pollock,	 de	 Jong,	 Keeling,	 Klinkenberg,	 &	 Wood,	
2015);	 although	 differing	 ethical	 constraints	 do	mean	 that	 certain	
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of	 eggs	 shed	 could	 be	 estimated	 by	 sampling	 abattoir	 specimens	
(Cheever,	1968	&	Cheever	et	al.,	1977).
The	 need	 for	 new	 and	 improved	 diagnostics	 for	 detecting	 (and	
quantifying	 the	 intensity	 of)	 helminth	 infections	 was	 identified	 as	




sensitivity	amongst	human	schistosomiasis	diagnostic	 tests	 that	 rely	
on	egg	detection	is	well	documented	(Kongs,	Marks,	Verlé,	&	Van	Der	
Stuyft,	 2001;	 Savioli,	Hatz,	Dixon,	Kisumku,	&	Mott,	 1990;	Warren,	
Siongok,	Houser,	Ouma,	&	Peters,	1978;	Yu,	de	Vlas,	Jiang,	&	Gryseels,	
2007),	 and	 in	West	Africa,	 sensitivities	 of	 such	 tests	 in	 animals	 are	
unquantified	 but	 potentially	 even	 lower	 (Olaechea,	 Christensen,	 &	
Henriksen,	1990).	In	recent	years,	use	of	the	point-	of-	care	circulating	
cathodic	antigen	(CCA)	urine	test	in	humans	has	become	widespread	
and	 is	 considered	 to	 represent	 higher	 test	 sensitivity	 compared	 to	







is	 the	 need	 to	 differentiate	 between	 different	 schistosome	 species	
(and	hybrids	thereof)	being	shed	by	individuals	of	each	definitive	host	
species.	 This	 currently	 means	 applying	 diagnostic	 tests	 that	 enable	
the	collection	of	miracidia	or	eggs	for	molecular	analysis.	Such	tests	
have	been	described	and	successfully	used	for	both	human	and	animal	
schistosomiasis	 (Gower	et	al.,	 2007;	Rudge	et	al.,	 2009),	 and	 should	
be	incorporated	when	planning	data	collection	for	the	purposes	of	pa-
rameterizing	a	model	of	the	hybrid	system.
4.3 | An evolving pathogen: hybrid schistosomes as 




zoonotic	 hybrid	 schistosome	 system.	 These	 include	 defining	 and	
measuring	parasite	fitness	(with	R0	often	used	as	an	indicator	of	this),	
capturing	 the	 impact	of	co-	infection	and	host–parasite	 interactions,	




there	 is	 growing	 recognition	 of	 the	 limitations	 of	 such	 assumptions	
in	systems	that	are	subject	to	strong	evolutionary	pressures	(Gandon	
et	al.,	 2016).	 For	 example,	most	 schistosomiasis	models	 incorporate	
control	measures	 such	as	chemotherapy	by	assuming	a	 single,	 fixed	
reduction	 in	 worm	 population	 (impacting	 overall	 worm	 loss	 rate,	











frequency	of	other	genotypes	both	 in	the	 individual	host	and	 in	the	
system	as	a	whole	(Metcalf	et	al.,	2015).
In	 addition	 to	 the	 presence	 of	 hybrids	 potentially	 impacting	 on	
effectiveness	of	control	measures,	the	evolutionary	pressure	of	inter-










become	 increasingly	 similar	 (both	 genetically	 and	 phenotypically)	 to	
a	 “pure”	 S. haematobium	 worm.	 This	 would	 be	 difficult	 to	 incorpo-
rate	in	a	framework	modelling	discrete	parasite	types	(such	as	that	in	
Figure	3)	without	some	way	of	tracking	parasite	lineages	across	mul-





5  | MODELLING OPPORTUNITIES: 












of	 parameters	 is	 unknown	 (Heesterbeek	 &	 Roberts,	 1995).	 Table	2	




     |  511BORLASE Et AL.
interdisciplinary	teams	tackling	helminthic	diseases	and	involved	with	
the	planning	of	data	collection	from	the	outset	(Basáñez	et	al.,	2012).	
















tors	 influencing	 spread	 of	 anthelmintic	 resistance	 genes	 in	 parasite	
populations,	 including	schistosomes,	 in	response	to	chemotherapeu-
tic	pressure	(Castillo-	Chavez,	Feng,	&	Xu,	2008;	Churcher	&	Basáñez,	
2008;	 Feng,	 Curtis,	 &	 Minchella,	 2001).	 Resistance	 to	 anthelmint-
ics	 used	 in	 livestock	 has	 been	 reported	 for	 many	 years	 (Geurden	
et	al.,	 2015;	 Kaplan,	 2004;	 Waghorn,	 Miller,	 &	 Leathwick,	 2016;	
Wolstenholme,	Fairweather,	Prichard,	Von	Samson-	Himmelstjerna,	&	
Sangster,	2004),	and	a	major	concern	regarding	any	chemotherapeu-











The	 complexity	 of	 multihost	 multiparasite	 systems	 challenges	 our	
ability	to	understand	their	ecological	and	evolutionary	dynamics	and	
design	appropriate	strategies	for	their	control.	Evidence	for	hybridi-
zations	 and	 introgressions	 between	 co-	infecting	 parasite	 species	 is	



















































case	 example	of	 zoonotic	 hybrid	 schistosomes	of	 the	haematobium	
group	 in	West	Africa	 represents	 a	valuable	 and	 unique	 opportunity	
for	empirical	 investigation	 into	 the	potential	 impact	of	hybridization	
and	introgressions	in	a	multihost	system	of	significance	for	public	and	
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